Based on high correlations between membrane-bound ATPase activities and ion absorption rates of several plant species (9-11, 29), it was suggested that an ATPase mediates energy transfer to the ion transport system. This proposal was strengthened by the demonstration that the monovalent ionstimulated ATPase is associated with the plasma membrane of oat roots (19, 20) .
activation and KCI stimulation of the plasma membrane ATPase were 7.5 and 6.5, respectively.
The plasma membrane ATPase showed little synergistic effects of K+ and Na+, and it was only slightly sensitive to ouahain. Oligomycin did not inhibit the ATPase, while N,N'-dicyclohexylcarbodiimide was a potent inhibitor of the enzyme.
The apparent Km Based on high correlations between membrane-bound ATPase activities and ion absorption rates of several plant species (9) (10) (11) 29) , it was suggested that an ATPase mediates energy transfer to the ion transport system. This proposal was strengthened by the demonstration that the monovalent ionstimulated ATPase is associated with the plasma membrane of oat roots (19, 20) .
The purified plasma membrane ATPase is specific for ATP, requires Mg" and is further activated by monovalent ions ' This research was supported by a grant from the National Science Foundation (GB-31052X (19, 20, 28) . In this paper the enzyme is further characterized with respect to its requirements for ATP, Mg2+, and KCI. The kinetics of KCl stimulation of the plasma membrane ATPase of oat roots were virtually identical to the kinetics of K+ influx into oat roots, both of which are best described by a single isotherm with continually changing kinetic parameters.
MATERIALS AND METHODS
Plasma membranes were isolated from oat (Avena sativa L. cv. Goodfield) roots as previously described (19, 20) . Briefly, about 50 g of 6-day-old roots were excised, washed in cold deionized water, and ground (mortar and pestle) in 200 ml of a medium consisting of 0.25 M sucrose, 0.003 M EDTA, 2.5 mm dithiothreitol, and 0.025 M tris-MES, pH 7.2. The homogenate was strained through cheesecloth and successively centrifuged at 13,000g for 15 min and 80,000g for 30 min. The 13,000 to 80,000g pellet was suspended in 30 ml of fresh grinding medium, pelleted. suspended in 2.5 ml of 20% (w/w) sucrose containing 1 mM MgSO4 and 1 mm tris-MES, pH 7.2, and 2 ml were layered onto a 36-ml discontinuous gradient consisting of 28 ml of 45%4o (w/w) and 8 ml of 34% sucrose in 1 mM MgSO, and 1 mm tris-MES, pH 7.2 (Mg2+ was omitted from the gradient for experiments involving Mg2+ as a variable). The gradient was centrifuged for 2 hr at 95,000g in a Spinco SW 27 rotor. The membranes collecting at the 34 to 45% sucrose interface are more than 75% plasma membranes (20) .
ATPase activity was measured at 38 C in a 1-ml volume containing 3 mm ATP (tris salt) at desired pH, 33 mm tris-MES at desired pH and variable amounts of mono-and divalent ions (see tables and figure legends for exact reaction contents). The reaction was initiated by addition of 10 to 25 ,ug of membrane protein; Pi released was determined by the Fiske and SubbaRow (12) procedure as previously described (19. 28) . Substrate blanks were subtracted to calculate all enzyme activities.
Proteins were estimated by the procedure of Lowry et al. (31) .
RESULTS
General Properties of Plasma Membrane ATPase. ATPase activity of the plasma membrane fraction from oat roots was increased almost 3-fold bv Mg-ions (Table I) 6 .0 for plasma membrane, pH 9.0 for zone D and mitochondria), 33 mM tris-MES (pH 6.0 or 9.0) and CaSO4 or MgSO4 as indicated. Mitochondria were isolated on sucrose gradients as described (19) . Zone D is a membrane fraction containing an unidentified membranebound ATPase (28) .
to substitute for Mg"" in stimulating plasma membrane ATPase was not observed for ATPases of two other membrane fractions from oat roots ( Fig. 1) , suggesting that the plasma membrane fraction was not contaminated by the other membranes. (Table I and Fig. 2 ), and the enzyme was only slightly sensitive to ouabain (Table 1) . Thus, in contrast to mammalian plasma membranes (3, 35) , oat root (Fig. 4) . With or without KCl, typical saturation kinetics for ATP were observed at 3 mm MgSO,.
There was little effect of KCl on ATPase activity in the absence of Mg2+ (Fig. 4) .
Enzyme kinetic constants for ATP were determined at a
Mg`concentration of 3 mM (the basal activity in the absence of Mg2+ for each ATP concentration was subtracted) (Fig. 5) . Lineweaver-Burk (30) plots of these data showed that the effect of KCl was not on apparent Km for ATP but rather on Vi3ax (Fig. 6 ). Michaelis constants were also determined at saturating concentrations of Mg2+ (30 mm MgSO4) and were similar to those at 3 mm MgSO, (unreported (Table I) which is similar to its effect on the plasma membrane ATPase of bacterial cells (1, 15) .
The pH optimum for Mg'-enhancement is 7.5, whereas the optimum in KCl stimulation is broad, lying between pH 6.0 and 7.0 (Fig. 3) . A high pH optimum for Mg2+-ATPase, as compared with monovalent ion-stimulated ATPase, is a general phenomenon for both animal and bacterial cells (3) . Ionic strength-induced shifts in pH optimum occur for polyelectrolyte-supported enzymes (13, 26) 5 mm ATP (unreported). The apparent Km for Mg`activation of the enzyme was about twice that of the apparent Km for ATP ( Fig. 6 and 8) .
Kinetics of KCI Stimulation of Plasma Membrane ATPase. Figure 9 shows the KCl stimulation of the plasma membrane ATPase at various KCl concentrations. The inset in Figure  9 also shows that the enzyme is activated by low concentrations of KCI. When these data are plotted for KCl concentrations ranging from 1 to 100 mm according to Lineweaver-Burk (30), a concave downward curve results (Fig. 10) . It is apparent from these results that KCI activation of the enzyme does not obey typical Michaelis-Menten (32) kinetics. This is further illustrated when the data are plotted by the convention suggested by Eadie (6) and Hofstee (21) (Fig. 11) which permits a greater concentration range to be evaluated (0.05-100 mM). The lack of linearity in both types of plots for KCI activation of the ATPase is not unique; many enzymes exhibit similar kinetics (24) , and the significance of this will be considered in the "Discussion."
Inasmuch as the KC1 kinetics of the ATPase are similar Figure 9 (1-100 mM stants were calculated by linear regression analysis. KCI).
-V I.. (10) and the procedure is described in reference 11. to the kinetics of ion absorption by roots (7, 27, 34), and since it is possible that this enzyme may play a key role in ion absorption, the kinetics of K+ absorption by oat roots is shown for comparison. Figure 12 is a typical v versus S plot for 'K absorption by oat roots, and Figure 13 is an Eadie, Hofstee plot which, as pointed out above, allows for a greater concentration range to be evaluated. The curved line in the Eadie, Hofstee plot indicates that the kinetics for '4K absorption by oat roots is similar to that reported for other ions and with a variety of tissues (7, 27, 34) , and the similarity to the kinetics of KCI activation of the plasma membrane ATPase is striking.
DISCUSSION
The similarity in kinetics of KCI activation of the plasma membrane ATPase and K+ absorption by roots represents another correlation which is consistent with, but not proof of, the concept that an ATPase is responsible for the energy coupling involved in ion absorption bv roots (9-11. 18-20, 28, 29) .
Although the ATPase described here has some similarities to "transport" ATPases of other organisms, the plant ATPase is somewhat different. For example, mammalian transport ATPase requires both K-and Na+ for activity, and it is inhibited by ouabain (3, 35) . In contrast, various combinations of KCI and NaCl (Table I and Fig. 1 ) and the addition of ouabain (Table I) had little effect on the plasma membrane ATPase of oat roots. This is not too surprising, however, since the existence and magnitude of a tightly coupled Na+ -K+ transport in roots that is inhibited by ouabain is uncertain (4, 23) . There is one report for barley roots that seems to demonstrate a coupled Na+ -K+ transport at the plasma membrane; however, the possibility of an equally active Na+ -Na+ exchange was not ruled out, and there was little effect of ouabain on the K+-induced Nae efflux (23) . Synergistic effects of Na+ and K+ in activating membrane-bound ATPase have been reported for halophytic plants (14, 25) and only after treating the membrane fraction with deoxycholate. The sensitivity of this ATPase to ouabain was not reported. The KCI-+ NaCl-stim- ulated ATPase activity of purified oat root plasma membranes, as isolated in the present study, is such a minor component relative to the single salt-stimulated activity (Fig. 2) , we believe it to be of little significance.
The oat root ATPase described here appears to be a cationactivated ATPase (Table III) which is similar to the transport ATPase of bacterial plasma membranes (1, 3, 15 (1, 15) . In oat roots, K+ transport was as sensitive to DCCD as plasma membrane ATPase (unpublished results); however, mitochondrial ATPase was also inhibited by the compound. Thus, DCCD may inhibit transport by directly inhibiting plasma membrane ATPase or by impairing mitochondrial ATP production.
Since oligomycin did not inhibit ATPase of oat plasma membranes (Table I) , it probably inhibits ion transport (2, 17, 22) by inhibiting ATP formation in mitochondria (2) .
With respect to the kinetic studies reported here, two points seem to be of most significance. The first is the similarity between the kinetics of KCl activation of the plasma membraneATPase and K+ absorption by oat roots and the implications this has regarding energy transduction in ion transport. The second is the complex nature of the kinetics and the implications of this with respect to the mechanism of KCl activation of the ATPase and the mechanism of ion absorption.
Regarding the possibility that the ATPase is the energytransducing agent involved in ion transport, we have now shown that the ATPase is associated with the plasma membrane (20) , its ion-stimulated activity is highly correlated with ion absorption by roots of four plant species (11) , it appears to be activated by cations (Table III) , and there is considerable evidence that cation transport is driven by, ATP in plant sysVelocity <CI (mM) lata in fig. 12 (0.05-50.0 mm KCl).
tems (18) , and finally, as reported here, there is a similarity between the kinetics of K+ activation of the plasma membraneATPase and K+ absorption by roots. Taken together, these results make a strong case for the view that cation transport across the plasma membrane is driven by ATP and that an ATPase mediates the energy coupling.
The second point, the complexity of the kinetics of K+ activation of the ATPase and K+ absorption, is not unique but it appears to be extremely important. Kinetics of this type have been reported for several enzymes (24) and even in the first application of the Michaelis-Menten analysis to ion absorption data, Epstein and Hagen (8) observed this complexity. The kinetics of transport were partially resolved in subsequent studies and they have led to the concept that two separate "mechanisms" are involved in the transport of a particular ion species; mechanism I was described as a high affinity system and thus functioned at low external ion concentrations (0-0.5 mM), and mechanism II was described as a low affinity system and functioned at high external ion concentrations (0.5-50 mM). Epstein and associates (7) believe that mechanisms I and II occur in parallel at the plasma membrane, whereas Laties and associates (27) believe that the two mechanisms function in series with mechanism I residing at the plasma membrane and mechanism II residing at the tonoplast. The present results are relevant to this controversy. The absorption period for 4K by oat roots was 30 min which is sufficiently long enough for transport to have occurred across both the plasma membrane and tonoplast (5) . Now, if the ATPase is involved in ion transport, and the results discussed above support this interpretation, then K+ activation of this plasma membrane enzyme throughout the concentration range of mechanisms I and II (i.e. 0.01-100 mM) supports the concept that energy-dependent ion transport occurs across the plasma membrane over both the low and high concentration ranges. The present studies do not, however, provide any information about the properties of ion transport across the tonoplast.
The concept of two distinct "mechanisms" being involved in transport of a given ion species has recently been questioned by Nissen (34) . He found that the rates of sulfate absorption by barley roots and leaves increased at certain critical external ion concentrations. Similar results had previously been reported for other ions and tissue (see 7, 27) (Figs. 6 and   8 ). Thus the view that there is only one ATPase and one transport system which has several different affinities for monovalent cations appears to be a more feasible interpretation than the one involving two distinct mechanisms for the transport of a single ion species.
As mentioned previously, several purified enzymes exhibit kinetics similar to those of ion transport by plants and for the K+ activation of the plasma membrane-ATPase. Koshland (24) refers to this type of kinetics as negative cooperativity and he has described a model similar to that proposed by Monod et al. (33) 
